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ABSTRACT
We constrain the temporal power spectrum of the sSFR(t) of star-forming galaxies, using a well-
defined sample of Main Sequence galaxies from MaNGA and our earlier measurements of the ratio
of the SFR averaged within the last 5 Myr to that averaged over the last 800 Myr. We explore the
assumptions of stationarity and ergodicity that are implicit in this approach. We assume a single
power-law form of the PSD but introduce an additional free parameter, the “intrinsic scatter”, to try
to account for any non-ergodicity introduced from various sources. We analyze both an “integrated”
sample consisting of global measurements of all of the galaxies, and also 25 sub-samples obtained by
considering five radial regions and five bins of integrated stellar mass. Assuming that any intrinsic
scatter is not the dominant contribution to the Main Sequence dispersion of galaxies, we find that
the PSDs have slopes between 1.0 and 2.0, indicating that the power (per log interval of frequency) is
mostly contributed by longer timescale variations. We find a correlation between the returned PSDs
and the inferred gas depletion times (τdep,eff) obtained from application of the extended Schmidt
Law, in that regions with shorter gas depletion times show larger integrated power and flatter PSD.
Intriguingly, it is found that shifting the PSDs by the inferred τdep,eff causes all of the 25 PSDs to closely
overlap, at least in that region where the PSD is best constrained and least affected by uncertainties
about any intrinsic scatter. A possible explanation of these results is the dynamical response of the
gas regulator system of Lilly et al. (2013) to a uniform time-varying inflow, as previously proposed in
Wang et al. (2019).
Subject headings: galaxies: general – methods: observational
1. INTRODUCTION
Galaxies are usually separated into two types accord-
ing to their locations on the color-magnitude diagram
or star formation rate-stellar mass (SFR-M∗) diagram:
star-forming (SF) galaxies and passive “quenched” ones
(e.g. Strateva et al. 2001; Baldry et al. 2004; Bell et al.
2004; Blanton et al. 2005; Li et al. 2006; Faber et al. 2007;
Wetzel et al. 2012). Typical SF galaxies have continuous
on-going star formation and disk-like morphology. Al-
though the great progress has been made in understand-
ing the properties of SF galaxies in the last two decades,
the temporal variability of the star formation rates of
individual galaxies is still poorly understood.
SF galaxies are located on a tight sequence on the SFR-
M∗ diagram, both in the local Universe and up to redshift
of 3 (e.g. Brinchmann et al. 2004; Daddi et al. 2007; Elbaz
et al. 2007; Noeske et al. 2007; Elbaz et al. 2011). This
tight sequence is known as the star formation Main Se-
quence (SFMS). The scatter of the specific SFR (sSFR)
at a given mass on the SFMS measured from the observa-
tions varies between 0.2-0.4 dex for different authors (e.g.
Whitaker et al. 2012; Speagle et al. 2014; Schreiber et al.
2015; Boogaard et al. 2018), depending in detail on the
definition of the sample of SFMS galaxies, as well as on
how the stellar mass and SFR are measured. The scat-
ter of the SFMS depends on both the stellar mass and
structural properties of galaxies. Wang et al. (2018a)
found that the scatter of the SFMS depends strongly on
the structure of galaxies, with more compact galaxies
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showing a larger range of sSFR. By using different SFR
measurements, including Hα, UV and infrared emission,
Davies et al. (2019) found that the scatter of the SFMS
increases with increasing stellar mass at stellar masses
greater than 109.2M. Overall, there is no evidence for
any strong redshift evolution of the scatter of the SFMS
(Whitaker et al. 2012; Speagle et al. 2014; Schreiber et al.
2015). The evident stability of the SFMS (i.e. a scat-
ter nearly independent of redshift) has been interpreted
as the quasi-steady-state interplay between cold gas in-
flow, star formation and outflow (e.g. Schaye et al. 2010;
Bouche´ et al. 2010; Dave´ et al. 2011; Lilly et al. 2013;
Tacchella et al. 2016; Wang et al. 2019).
Indeed, models based on this quasi-steady-state inter-
play (also known as gas-regulator model) has achieved
great success in explaining the observational facts of SF
galaxies. For instance, Lilly et al. (2013) found that
their simple gas-regulator model should produce the ob-
served fundamental metallicity relation, i.e. not only
that the SFR of galaxies should be a second parame-
ter in the mass-metallicity relation, but also that the
Z(M∗,SFR) relation should be epoch-independent (e.g.
Mannucci et al. 2010; Lilly et al. 2013; Belfiore et al.
2019).
A key question is how galaxies vary over time on and
around the SFMS, i.e. whether they vary their sSFR rel-
ative to the mean SFMS, and, if so, on what timescales.
This question will be a focus of the current paper.
Recently, Wang et al. (2019, hereafter W19) found that
galaxies above (or below) the SFMS show higher (or
lower) SFR surface density (ΣSFR) at all galactic radii
with respect to the median ΣSFR profile of typical SF
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galaxies. In addition, W19 also found that the dispersion
of ΣSFR (at a given relative radius in galaxies of similar
stellar mass) decreases with increasing (inferred) effective
gas depletion time - the effective gas depletion timescale
being inferred from the stellar surface mass density using
the “extended Schmidt Law” from Shi et al. (2011) plus
an estimate of the mass-loss rate in wind.
This behavior could reflect the dynamic response of a
gas regulator to variations in the inflow rate. By driv-
ing a gas-regulator system with a periodic cold gas in-
flow, W19 explored how the SFR in the system would
respond. A periodic SFR, the amplitude of which de-
pended on the ratio of the driving frequency to the in-
verse gas depletion time-scale. This could reproduce the
observed relation between the gas depletion times (ei-
ther τdep or τdep,eff) and the observed dispersion of ΣSFR
from galaxy to galaxy. In addition, the dynamical gas-
regulator model can qualitatively explain the observed
dependence of the SFMS on stellar mass and stellar sur-
face density (Wang et al. 2018a; Davies et al. 2019; Wang
et al. 2019).
In more detail, W19 showed that the temporal varia-
tion of SFR on long timescales (> τdep,eff) should closely
follow the variations in cold gas inflow, while on short
timescales (much less than τdep,eff) the variation of SFR
is damped out, with a reduced amplitude (and a small
phase shift). W19 explored the transfer function between
the amplitude of variations in the inflow and the am-
plitude of the resulting variations in the star-formation
rate, as a function of the driving frequency, that would
be expected in the gas regulator model. Although this
depends in detail on the waveform of the inflow (their Fig
11), they derived an analytic relation (their Equation 9)
for the simplest case of linear sinusoidal variations. In
principle, the power spectrum distribution (PSD) of the
star-formation history of a galaxy described by such a
regulator should be given by the PSD of the inflow his-
tory multiplied by this simple transfer function.
The transfer function in W19 was based purely on
the gas-regulator model with constant star-formation ef-
ficiency (SFE) (although a time-varying SFE was also
considered). In reality, the SFR may be more bursty on
short timescales if feedback processes were included. In-
deed, in the FIRE simulation, Sparre et al. (2017) found
that the FIRE galaxies exhibit order-of-magnitude SFR
variations over time-scales of only a few Myr, due to the
effects of stellar feedback.
Therefore, it is very interesting to have observational
information on the temporal evolution of the SFR to un-
derstand the movement of galaxies on the SFMS, and
to uncover what kinds of physical processes govern the
variation of SFR on different timescales.
Hydro-dynamical simulations provide, in principle, one
approach to study the variability of SFR, since accu-
rate SFHs can be produced for simulated galaxies. By
using the small scatter of the stellar-to-halo mass re-
lation, Hahn et al. (2019) constrained the timescale of
star formation variability assuming different correlation
coefficient between star formation and host halo accre-
tion histories for SF central galaxies. However, the mod-
els in Hahn et al. (2019) only consider the variation of
star formation on SFMS on one particular timescale, ig-
noring the presumable contribution on other timescales.
By directly measuring the movement of galaxies on the
SFMS at different timescales in the EAGLE simulation,
Matthee & Schaye (2019) found that the variation of SFR
of galaxies on the SFMS originates, in that simulation,
from a combination of fluctuations on short time-scales
(in the range of 0.2-2 Gyr), likely associated with self-
regulation of star formation, and a dominant contribu-
tion on long timescale (∼10 Gyr), likely related to the
halo formation times.
Observationally, the accurate SFH of individual galax-
ies are far from well determined, especially on short
timescales, (e.g. Papovich et al. 2001; Shapley et al. 2001;
Muzzin et al. 2009; Ocvirk et al. 2006; Gallazzi & Bell
2009; Zibetti et al. 2009; Conroy 2013; Ge et al. 2018;
Leja et al. 2019). This restricts the investigation of the
variability in SFR of individual galaxies. The ratio of
a short-timescale SFR to the SFR averaged on a longer
timescale, also known as the “burstiness”, has been pro-
posed to probe the recent change of SFR (e.g. Sullivan
et al. 2000; Boselli et al. 2009; Wuyts et al. 2011; Guo
et al. 2016; Sparre et al. 2017; Broussard et al. 2019;
Faisst et al. 2019). Indeed, Broussard et al. (2019) found
that the distribution of burstiness characterizes the vari-
ability of recent star formation for a galaxy population,
rather than the average value of burstiness.
Based on the sSFRs traced by different SFR indicators,
such as Hα, UV+IR and u-band, which effectively aver-
age the SFR on different timescales, Caplar & Tacchella
(2019) tried to use the scatter in the sSFR of the SFMS
to constrain the power spectral distribution of tempo-
ral variations in the sSFR. However, the measurements
of UV+IR and u-band luminosity are quite sensitive to
the dust attenuation corrections. This means that the
scatter of the SFMS traced by these luminosities may
be strongly affected by the uncertainties from dust at-
tenuation correction or other systematic effects between
indicators. In addition, the possibility that there may be
some intrinsic scatter of the SFMS that is unrelated to
temporal variations, e.g. that some galaxies may system-
atically lie above (or below) the SFMS throughout their
lifetime, is not considered in their analysis.
In the first paper of this series (Wang & Lilly 2019,
hereafter Paper I), we developed a new parameter to
quantify the change of SFR for individual galaxies,
SFR5Myr/SFR800Myr. This is defined to be the ratio of
the SFR averaged within the last 5 Myr to the SFR aver-
aged within the last 800 Myr, which we denoted SFR79.
We called this parameter “the star formation change pa-
rameter” (or simply the change parameter), rather than
the previously used burstiness, because the SFR can both
increase and decrease with time. We found that obser-
vationally the change parameter can be well determined
with an uncertainty of about 0.07 dex from the Hα emis-
sion and HδA absorption equivalent widths, plus the am-
plitude of the 4000 A˚ break. This is because the Hα
emission line is a good tracer for the SFR of most recent
5 Myr, while HδA absorption traces the SFH within the
last ∼1 Gyr. In addition, since these three observational
parameters are all relative quantities, and measured at
essentially the same wavelength, they are insensitive to
the dust attenuation, except to the extent that stellar
populations of different ages experience different extinc-
tion, as discussed in Paper I.
In Paper I, we established an estimator of the
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SFR5Myr/SFR800Myr based on the above three observa-
tional parameters, and applied it to the SF galaxies from
MaNGA (Bundy et al. 2015). Consistent with, but quite
independent of, our analysis in W19, we found in Paper I
that regions with shorter implied gas depletion timescales
(again inferred from the extended Schmidt Law from the
stellar surface mass density) show a larger amplitude of
the change in SFR, i.e. a larger dispersion in SFR79.
In other words, we were able to confirm that the effects
in W19, from galaxy-to-galaxy, that we had interpreted
as being due to temporal variations in SFR in individ-
ual galaxies, really were due to real temporal variations
traced by SFR5Myr/SFR800Myr. This further supports
the interpretation that the origin of the variation of SFR
within and across galaxies is the dynamical response of
gas regulator model to a time-varying inflow, and further
strengthens the notion that the narrow SFMS is indeed
the result of the quasi-steady state between the inflow,
outflow and star formation (e.g. Lilly et al. 2013; Wang
et al. 2019; Wang & Lilly 2019).
In the current work, we will investigate the constraints
that can be set on the power spectrum distribution
(PSD) of the temporal variation of SFR in galaxies on
the SFMS. The (evolving) position of a galaxy rela-
tive to the SFMS is given by ∆sSFR(t), which mea-
sures the log sSFR relative to the median sSFR of the
SFMS at that stellar mass. This is determined using
the data from Paper I. We will discuss the meaning of
the PSD of ∆sSFR(t). For each individual SF galaxy,
we have the measurements of SFR5Myr, SFR800Myr and
SFR5Myr/SFR800Myr. These contain the information
about the temporal variations in the SFH on timescales
greater than 5 Myr. We can use this information on the
temporal variation within individual galaxies to supple-
ment that of variations (at a single epoch) across the
galaxy population that comes from the scatter of sSFR
on the SFMS. Interestingly, it is clear that the scatter
of SFR5Myr/SFR800Myr is unlikely to be affected by the
sort of “intrinsic scatter” that may change the scatter of
sSFR on the SFMS, discussed above. This enables us to
consider a more detailed model than that in Caplar &
Tacchella (2019).
This paper is organized as follows. In Section 2, we
give a brief introduction to the data that are used. In
Section 3, we present the method to constrain the PSD
of ∆sSFR(t) in this work. In Section 4, we explore our
method by applying it first to the integrated quantities
(measured within the effective radius) of the overall pop-
ulation of galaxies, lumping galaxies of all stellar masses
together. In Section 5, we present the main results of
this work, by applying the method to the binned quanti-
ties within radial annuli derived in different stellar mass
bins. We discuss our result in Section 6 and summarize
the work in Section 7.
For convenience, the average star-formation over the
last 5 Myr, SFR5Myr, is denoted as SFR7, and that av-
eraged over the last 800 Myr, SFR800Myr, as SFR9, and
the ratio SFR5Myr/SFR800Myr is denoted as SFR79. Fol-
lowing the W19 and Paper I, we assume a flat cold dark
matter cosmology model with Ωm =0.27, ΩLambda= 0.73
and h=0.7 when computing distance-dependent param-
eters. We will also assume the Chabrier (2003) initial
mass function (IMF) and Cardelli-Clayton-Mathis dust
attenuation curve (CCM; Cardelli et al. 1989) through-
out this work. As discussed in Paper I, varying these
assumptions produces a zero-point shift in SFR79 rather
than altering the scatter in it, unless these quantities
vary across the galaxy population.
2. DATA
2.1. The galaxy sample
The sample of galaxies used in the present work is
taken from W19 (also used in Paper I), and is based
on the MaNGA spectra in the SDSS Data Release 14
(Abolfathi et al. 2018). MaNGA is one of the largest
on-going integral field spectroscopic surveys, aimed at
mapping ∼10,000 nearby galaxies with two-dimensional
spectra (Bundy et al. 2015). The wavelength covered by
MaNGA is 3600-10300 A˚ at R∼2000, which enables the
three diagnostic parameters, Dn(4000), EW(HδA), and
EW(Hα), to be easily measured. Therefore we can ap-
ply the SFR79 estimator to the MaNGA data, and obtain
the measurements of the SFR7 and SFR79, and therefore
also SFR9, of galaxies.
The galaxies are selected from the primary sample of
the SDSS Data Release 14 of MaNGA, excluding galax-
ies that are mergers, irregulars, heavily disturbed galax-
ies (see details in Wang et al. 2018b), as well as those
with median S/Ns of 5500A˚ continuum less than 3.0 at
their effective radii. Quenched galaxies are also excluded
based on theM∗(<Re)-SFR(<Re) diagram (see details in
W19), where the M∗(<Re) and SFR(<Re) are the stellar
mass and SFR measured within effective radii. The final
sample includes 976 SF galaxies, which is a representa-
tive sample of SFMS galaxies at low-redshift Universe.
We refer the readers to W19 and Paper I for all the de-
tails of the sample selection.
2.2. The measurements of SFR7 and SFR79
We presented the details of the measurements of SFR7
in W19. These are calculated based on the dust-corrected
Hα luminosity (Kennicutt 1998). The details of the more
complex measurements of SFR79 were also presented in
Paper I and will only briefly be summarized here. The
SFR79 is based on three diagnostic observational param-
eters applied to the MaNGA data. We refer to the reader
for section 2.3 in W19 and section 2 and 3 in Paper I for
all the details.
We first constructed millions of mock SFHs of galax-
ies representing a huge range of the change parameter,
SFR79. Then, we generated the dust-free spectra of
these mock galaxies based on the single stellar population
model using the code from Conroy & Gunn (2010). We
then measured these three diagnostic parameters based
on the mock spectra and calculated the actual SFR79
from the mock SFHs. Finally we derived a solution for
SFR79 from these three diagnostic parameters. This was
done for a set of different stellar metallicities. When ap-
plying to the MaNGA data, we adopt an empirical stellar
mass-metallicity relation from Zahid et al. (2017) to as-
sign a stellar metallicity to each galaxy. The adopted
estimators of SFR79 are presented in equation 2 and ta-
ble 1 of Paper I, with a typical uncertainty of 0.07 dex.
In establishing the estimator, the three input diag-
nostic parameters are determined from dust free mock
spectra, so the corresponding measurements on the ob-
served spectra should be corrected for dust attenuation,
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and specifically for differential, age-dependent, extinc-
tion. We refer the readers to the details of this correction
given in section 2.5 of Paper I, which adopts a stellar age
dependent dust model from Charlot & Fall (2000). Here
we do not repeat these details.
When applying the estimator to the individual spax-
els in MaNGA galaxies, we saw a weak positive corre-
lation between stellar surface density (Σ∗) and SFR79
(see figure 6 in Paper I) , i.e. an overall negative ra-
dial gradient in SFR79. This negative radial gradient
in SFR79 is not likely to be real, because a small gra-
dient in SFR79 would result in a significant change in
the overall radial gradient of SFR7 only assuming that
the small gradients of SFR79 can be sustained for a few
Gyrs. The negative radial gradient in SFR79 may due to
the fact that we do not consider any radial variation of
stellar metallicity (e.g. Zheng et al. 2017; Goddard et al.
2017), and a (possible) radial variation of the initial mass
function (Gunawardhana et al. 2011; Zhang et al. 2018).
Therefore we performed an ad hoc correction in SFR79
to eliminate this small dependence on Σ∗ (see details in
section 3.2 in Paper I). Although this correction is arbi-
trary, we argued that this would not change any of the
conclusions in Paper I, and it also has a negligible effect
on the PSD of specific SFHs of galaxies in this paper (as
directly checked in Section 4.2).
As discussed in Paper I, we would expect more varia-
tion in SFR79 (or SFR7) at spaxel-size scales due to the
duty cycle of star formation: in the star-formation duty
cycle some small regions will be actively forming stars
(with consequently high SFR79), while other regions are
in a relative low SFR state, with a small negative SFR79.
Therefore, to reduce this spatial effect, we performed the
spatial binning scheme in Paper I, and also in the present
work.
Here we briefly describe how we calculated the three
diagnostic parameters in a given region, and refer for
more details to section 3.3 in Paper I. For Dn(4000), we
first calculated the flux density of the corresponding blue
and red bandpass near 4000 A˚ for each spaxel in a given
region (radial bin). Then the Dn(4000) of this region is
simply the ratio of total flux density of red bandpass to
the blue bandpass for all spaxels located in this bin. The
EW(HδA) and EW(Hα) are calculated in a similar way
for a given region. In this process, we also estimated
the purely observational errors of the three diagnostic
parameters, and obtained the error of SFR79 by error
propagation. In calculating the errors, we adopt the em-
pirical function of Law et al. (2016) to correct the covari-
ance of errors in the MaNGA spectra of adjacent spaxels
(see equation 6 in Paper I).
In Paper I, we performed two types of binning schemes:
binning all the spaxels withinRe as a global measurement
of SFR79 in the galaxy, and binning those within radial
annuli of width 0.2Re. In the present work, we focus on
the integrated measurements within Re and within the
five radial annuli within Re. This is because 1) almost all
the galaxies are covered within Re in the observations,
2) the stellar metallicity of the outer regions may be sig-
nificantly lower than the assigned ones in computing the
SFR79, and 3) the star formation of the outer regions
are more likely to be affected by environmental effects,
which are not considered in the present work.
Fig. 1.— The ∆sSFR7 versus ∆sSFR9 for the sample galaxies,
taken from the figure 10 of the Paper I. Each galaxy in the sample
is represented by a single dot based on its integrated spectrum
within Re. The median value of ∆sSFR7 and ∆sSFR9 is shifted to
be zero. The blue ellipse shows the typical uncertainties of the data
points, and combines the uncertainties from the input observational
measurements and from the calibration of SFR79.
2.3. The diagram of ∆sSFR7 vs. ∆sSFR9
Based on the SFR7 and SFR79 measured within Re,
we can then obtain the SFR9 of each individual galaxy.
These can then be used, together with the stellar masses
measured within Re, to compute specific SFR, and to
define the overall SFMS of the population on both
timescales. We then define ∆sSFR7 (and ∆sSFR9) to
be the vertical deviation (i.e. in sSFR) of a galaxy from
the median SFR7-based (or SFR9-based) SFMS.
Figure 1 shows the correlation between ∆sSFR7 and
∆sSFR9 (measured within Re) for our sample galaxies,
taken from figure 10 of Paper I. In the bottom right
corner, we indicates the median uncertainty of the data
points, including both observational uncertainties in the
input diagnostic parameters and the uncertainty from
the estimator itself, as in Paper I. Specifically, the typ-
ical uncertainty of SFR7 is 0.06 dex, which is due to
the variations in electron temperature in the range of
Te=5000-2000 K (Osterbrock & Ferland 2006) when con-
verting the Hα luminosity to SFR7 using the empirical
relation from Kennicutt (1998). The median uncertainty
of SFR79 due to observational uncertainties is 0.042 dex,
and due to the estimator itself is 0.063 dex. Therefore,
the overall typical uncertainty in SFR79 is ∼0.076 dex.
In Section 4, we will constrain the PSD of ∆sSFR(t)
by matching the galaxy distribution on the ∆sSFR7-
∆sSFR9 diagram in Figure 1, taking the uncertainties
in the data points into account, by convolving the pre-
dicted galaxy distribution on the ∆sSFR7-∆sSFR9 dia-
gram with the uncertainty ellipse denoted in the bottom
right corner of Figure 1.
In principle, Figure 1 contains the key information
needed to constrain the PSD of the sSFHs. Four inter-
related quantities related to the variability of sSFH can
be read from Figure 1: (i) the overall scatter of ∆sSFR7
(σ7), i.e. the scatter of the SFMS on this timescale, (ii)
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Fig. 2.— As for Figure 1 but now the sample of MaNGA galaxies is split into five stellar mass bins (top to bottom) and the ∆sSFR7
and ∆sSFR9 are calculated for each galaxy from the integrated spectra within five annular regions of width 0.2 Re (increasing radius from
left to right).
the equivalent overall scatter of ∆sSFR9 (σ9), (iii) the
scatter of SFR79 (σ79), i.e. the scatter perpendicular to
the dashed line, and (iv) the covariance of ∆sSFR7 and
∆sSFR9. These four parameters are not independent,
and their inter-relation can be written as:
σ279 = σ
2
7 + σ
2
9 − 2Cov(∆sSFR7,∆sSFR9) (1)
where the Cov(∆sSFR7, ∆sSFR9) is the covariance of
∆sSFR7 and ∆sSFR9. This appears to result in three in-
dependent parameters related to the variability of sSFH.
However, as we will discuss later in Section 3.2, the σ7,
σ9 and σ79 are still not fully independent.
We comment here on a small but significant detail.
The σ7 (or σ9) is taken to be the scatter of ∆sSFR7 (or
∆sSFR9). This quantity is calculated, in practice, from
the average star-formation rate within the most recent 5
Myr (or 800 Myr) divided by the current stellar mass. It
is therefore not precisely the same as what would be ide-
ally desired, which would be the average sSFR, averaged
over the last 5 Myr (or 800 Myr), simply because the
stellar mass will have slightly increased during this time
interval, especially for the longer averaging timescales.
However, given the current relatively low sSFR1 Gyr−1
of the SFMS galaxies, the difference due to the mass in-
crease is anyway small, less than a few percent. Further-
more, this need not be a concern in practice because, in
modelling the distribution of data points on the ∆sSFR7-
∆sSFR9 diagram, we are anyway free to use exactly the
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same approach to obtain the ∆sSFR7 and ∆sSFR9 as
that in the observations, i.e. we can choose to divide the
average star-formation rate by the current mass (see de-
tails in Section 3). We will discuss this further in Section
3.1.
In W19 and Paper I, we presented evidence that the
star formation at different galactic radii of galaxies was
varying up and down relative to the median ΣSFR pro-
file, with an amplitude that appeared to strongly increase
with decreasing implied (effective) gas depletion time.
Therefore, it will be of interest later in the paper to con-
strain the PSD of sSFH at different galactic radii in order
to explore whether there is any correlation between the
PSD and the gas depletion time. Accordingly, we will
calculate the sSFR7 and sSFR9 at five different galactic
radial bins for each galaxy, and compare these quantities
for all the galaxies in five stellar mass bins.
Figure 2 shows the ∆sSFR7-∆sSFR9 diagram for these
separate regions, separated by the overall (within Re)
stellar mass of the galaxy and by the relative radial lo-
cation. For each radial bin of each individual galaxy, we
define the ∆sSFR7 (or ∆sSFR9) as the deviation from
the median sSFR7 (or median sSFR9) in the same radial
bin of the galaxy population in the corresponding stel-
lar mass bin. Therefore, the ∆sSFR7 (or ∆sSFR9) have
always, by definition, a median value of zero. The plots
are displayed with increasing radius from left to right,
and with increasing stellar mass from top to bottom. In
the similar way of Figure 1, we indicate the typical un-
certainty of the data points in each panel, including both
the error from observations and from the the estimator
itself.
In Section 5, the PSD of ∆sSFR(t) for each galactic ra-
dius for each overall stellar mass bin will be constrained
by matching the distribution of data points on the cor-
responding ∆sSFR7-∆sSFR9 diagram in the respective
panels in Figure 2. Comparing these 25 panels, it is
immediately apparent that the distribution of points is
different in the different panels, and we would expect the
PSD to therefore be subtly dependent on both the overall
mass of the galaxy and the radial location of the regions.
3. CONSTRAINING THE PSD
3.1. The concept of the PSD
For continuous signals over all time, like stationary
processes2, the power spectrum distribution character-
izes how the power of a signal or time series is distributed
in frequency.
In the present work, we aim at investigating the PSD
of the deviations of log sSFR(t) from the average SFMS
at that mass, which we have denoted ∆sSFR(t). We can
do this for either the overall galaxy population or of par-
ticular subsets of it chosen by overall mass and relative
radius. We focus on the PSD of the sSFR relative to
the average SFMS, rather than the PSD of the SFR(t)
or sSFR(t) directly, because the scatter of SFMS is ob-
served to be nearly independent of time (Kelson 2014;
Kelson et al. 2016; Caplar & Tacchella 2019; Hahn et al.
2019), whereas both the mean sSFR and mean SFR do
2 A stationary process is a stochastic process whose uncondi-
tional joint probability distribution does not change when shifted
in time. Therefore, in the stationary process, parameters such as
the mean and variance also do not change over time.
change with time. This suggests that it is the variations
of ∆sSFR(t) that can best be characterized as a sta-
tionary process. For brevity, the ∆sSFR(t) will also be
denoted as y(t) in this work.
Assuming an individual SF galaxy with a known vari-
ation relative to the average (median) SFMS, y(t) (=
∆sSFR(t)), the truncated Fourier transform yˆ(ν), in
which the signal is integrated only over a finite interval
of time [0, T], can be written as:
yˆ(ν) =
1√
T
∫ T
0
y(t)e−i2piνtdt. (2)
Then by definition, the PSD of y(t) as a function of fre-
quency can be written as:
PSD(ν) = lim
T→∞
E[|yˆ(ν)|2]
= lim
T→∞
1
T
∫ T
0
∫ T
0
E[y(t)y(t′)]e−i2piν(t−t
′)dtdt′
(3)
where the E denotes the expected value. For a stationary
process, one can make the change of variables ∆t=t−t′,
and then it is evident that the PSD of y(t) and the auto-
correlation function of y(t) are a Fourier-transform pair,
as in the Wiener-Khinchin theorem.
Therefore, according to Equation 3, the ratio of the
SFR averaged within the most recent 5 Myr to the SFR
averaged within that same 5 Myr interval at a given look-
back time, e.g. ∼1 Gyr previously, is more directly rel-
evant for the PSD than the empirically defined change
parameter, SFR5Myr/SFR800Myr, that we introduced in
Paper I. Ideally, we would want to measure the SFR on 5
Myr timescales 1 Gyr ago but, observationally, this is not
currently possible, and it will likely be very challenging
for a long time to come.
The power in y(t) within a given frequency band [ν1,
ν2], can be written as:
P[ν1,ν2] = 2
∫ ν2
ν1
PSD(ν)dν. (4)
The factor of two comes from an equal amount of power
that can be attributed to positive and negative frequen-
cies. The power basically characterizes the contributions
to the variation of y(t) in the given frequency band, or
equivalent given timescale band. The main goal of this
work is to constrain the PSD(ν) of ∆sSFR(t), which will
tell us the contributions to the variation of ∆sSFR(t)
from different timescales (or frequencies). However, we
note that the power defined in Equation 4, when inte-
grated from zero to 1/5 Myr−1 (or 1/800 Myr−1), is
close but not exactly equal to the variance of ∆sSFR(t)
averaged with 5 Myr (or 800Myr), because the Fourier
transform of a step function in time is not exactly a
step function in frequency. In practice, when perform-
ing the integration in the right side of Equation 4, the
lower boundary of the integration could not reach zero,
because the lifetime of galaxies should be less than the
age of Universe. Therefore, frequencies lower than the in-
verse of the Hubble time (τHubble) are meaningless. We
will come back to this point in Section 3.2.
Since we plan to constrain the variations of galax-
ies on the SFMS, one might imagine that the overall
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stellar mass of the galaxies could be another parame-
ter to constrain the variability of ∆sSFR(t) on very long
timescales, since the mass reflects the average SFR when
averaged on a timescale of ∼10 Gyr. Following the defini-
tion of SFR7 and SFR9 in Section 2.2, we could then de-
fine the SFR10 to be the SFR averaged within the Hubble
time divided by the current mass. It is then however ev-
ident that the value of sSFR10 will be identically equal
to the inverse age of the universe, τ−1Hubble, and therefore
the same for all galaxies. The scatter of ∆sSFR10, which
we could notate as σ10, is therefore identically zero. It is
therefore not possible to use the stellar mass to constrain
the variability of ∆sSFR(t) on very long timescales.
We note that although σ10 (as defined here) is iden-
tically zero, there is no requirement that all galaxies
have the same average ∆sSFR(t) when averaged over the
Hubble time. Quite the contrary, we could well imagine
that some galaxies could lie above or below the SFMS
throughout their lifetimes. This introduces the impor-
tant concept of “intrinsic” scatter of the SFMS, i.e. a
dispersion in the sSFR of the population (at given mass)
that is unrelated to any temporal variability of individual
objects. This will be discussed further in Section 3.2.
3.2. Ergodicity
In this work, we only have the SFR7, SFR9, and SFR79
for the sample galaxies at a single epoch, i.e. the cur-
rent epoch, rather than the full time history of star-
formation that would be obtained by monitoring an indi-
vidual galaxy for a very long time3. This introduces the
question of the ergodicity of the chosen galaxy popula-
tion when attempting to constrain the PSD of individual
sSFH from the snapshot of the population of galaxies at
a single epoch.
In probability theory, an ergodic dynamical system has
the same behavior averaged over time as averaged over
all the possible states at a given time. The assumption
of ergodicity requires that the distribution of y(t) for an
individual galaxy in time is the same as the distribution
of y(t0) across the galaxy population at a given fixed time
t0. If this is satisfied, then studying the variation of y(t0)
over the galaxy population at fixed epoch is equivalent
to monitoring an individual galaxy over a very long time.
Can we assume that SFMS galaxies are ergodic, with a
∆sSFR(t) constructed from a single PSD, and that there
are no other (non-temporal) sources of variation in their
sSFR? If yes, we can directly link the σ7, and σ9 with
the PSD. The σ7 and σ9 can be expressed as follows:
σ27 ∼ 2
∫ 1/5Myr−1
τ−1Hubble
PSD(ν)dν
σ29 ∼ 2
∫ 1/800Myr−1
τ−1Hubble
PSD(ν)dν
(5)
The left part and the right part of Equation 5 are not
exactly the same, due to the facts that were mentioned
in Section 2.3 and 3.1: 1) the Fourier transform of a step
function in time is not exactly a step function in fre-
quency, and 2) the ∆sSFR7 and ∆sSFR9 (as defined and
operationally determined in terms of the current stellar
3 This is not possible in the observations, but is in principle
achievable in simulations.
mass) are not identical to the average ∆sSFR averaged
over the last 5 Myr and 800 Myr respectively. Again,
we note that this is not a concern when constraining the
PSD, because we can include these effects when match-
ing the predicted distributions of observable quantities
with the observations.
Furthermore, in the real Universe, it may well be
that galaxies are not ergodic. Galaxies of different stel-
lar mass, structure, or environment, may have different
mean ∆sSFR and different PSDs describing their time
variability about this mean. For instance, as already
noted, some galaxies may have a systematically higher
sSFR(t) (or lower sSFR(t)) than the average SFMS
throughout cosmic time, perhaps because they reside in
particular environments. This would result in an addi-
tional component to the scatter of the SFMS at a given
epoch that was wholly unrelated to the time variations
of individual galaxies represented by the PSD.
Similar effects could in practice be introduced by the
observational methodology itself: at the very least, any
significant observational error in the determination of
the (current) stellar masses of individual galaxies, even
if completely random, will introduce a scatter into the
SFMS, that may be completely unrelated to any time
variation in the SFR (or even worse, might be related in
a highly complicated way). Any error in the estimation
of stellar mass of a galaxy would change both ∆sSFR7
and ∆sSFR9 (by the same amount), but not the SFR79
introduced in Paper I.
More subtle violations are also possible. The simple
fact that the distributions of points on the different pan-
els of ∆sSFR7-∆sSFR9 on Figure 2 are slightly different
shows that an assumption of ergdocity across the whole
galaxy population cannot be valid, since it is clear that
different mass galaxies must explore slightly different ar-
eas of parameter space. Lumping them all together, as
on Figure 1 and deriving a single PSD from the combined
distribution, would clearly not be strictly correct.
How can we best deal with the unknown degree of vi-
olation of ergodicity that will be present in any chosen
population of galaxies, e.g. within Figure 1 or within
each panel of Figure 2, from whatever source? In this
work, we will try to take this non-ergodicity into consid-
eration by introducing an additional parameter, which
we call the “intrinsic scatter” of the SFMS, σint. We
imagine that this represents all those contributions to
the variation of the ∆sSFR within the population at a
given epoch that are unrelated to the temporal variations
of individual galaxies that we assume may be represented
by a single PSD.
Due to the plausible existence of a σint term, it is dan-
gerous to simply use the scatter of the SFMS, as indi-
cated by different SFR indicators that average on differ-
ent timescales, to constrain the time variability of the
SFH (c.f. Caplar & Tacchella 2019). This is quite sep-
arate from the additional worry that the SFMS scatter
based on these different SFR indicators may be contam-
inated to varying degrees by uncertainties in the dust
attenuation corrections, or by variations in the SFR cal-
ibrators used for each.
We noted above that σint contributes to the variance
of ∆sSFR7 and ∆sSFR9, in the sense that, the right
part of Equation 5 should include the σ2int. But, with
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our definition, σ2int does not contribute to the variance
of SFR79. Given also that the star formation change
parameter SFR79, defined and calibrated in Paper I, is
much less sensitive to dust attenuation than e.g. ultravi-
olet luminosities, this is a further reason why the SFR79
information developed in Paper I is a very important tool
to study the variability of sSFH (c.f. Caplar & Tacchella
2019).
In the remainder of this work, we will not consider
other possibilities for non-ergodicity. We will however
return to this issue again in Section 6.1. We note here
that the addition of the intrinsic scatter in this way is, in
principle, equivalent to adding Fourier modes of a PSD
at very low frequencies, i.e. much lower than the inverse
age of the Universe (ν < τ−1Hubble).
In Paper I, we showed that the SFR79 does not corre-
late with the ∆sSFR9, i.e. the change of star formation
does not depend on the average position (within the last
800 Myr) of the galaxy on the SFMS. This is required if
the scatter of the SFMS is to stay more or less constant
with time, since a positive (or negative) correlation be-
tween SFR79 and ∆sSFR9 would result in a broadening
(or narrowing) of the SFMS. As we mentioned in Sec-
tion 2.1, the constancy of the dispersion of the SFMS
indicated that ∆sSFR(t) be described as a stationary
process. This puts extra-constraints on σ7, σ9, and σ79,
which makes them to be not fully independent. This fur-
ther limits the number of freedom in forms for the PSD
that may realistically be considered in the present work.
3.3. Possible forms of the PSD
In principle, the form of the PSD for an unknown time-
series process can be arbitrary. However, a simple power-
law form of the PSD, PSD ∝ ν−α, has often used to
characterizes stochastic processes. The slope α deter-
mines the relative contribution of variations at short and
long timescales. White noise has α = 0 and is a perfectly
uncorrelated time-series process at any given time sep-
aration. The cases of α = 1 and α = 2 are sometimes
called pink noise and red noise respectively. The latter
is also known as a random walk or Brownian motion.
Caplar & Tacchella (2019) adopted a broken power-law
to characterize the PSD of the variation of galaxies on
the SFMS, i.e. PSD = σ2/(1+(τbreakν)
α). The σ defines
the overall amplitude of the PSD, and τbreak character-
izes the timescale beyond which the process becomes un-
correlated. At the t  τbreak (or ν  τ−1break), the PSD
approximates to a constant value, while at t  τbreak
(or ν  τ−1break), the PSD approximates to a single power
function with a slope of α. A broken-power law PSD
can greatly reduce the power at low frequencies, lead-
ing to convergence of the integral of the PSD at the low
frequency end.
In principle, we could also adopt the same form of
PSD in this work, and treat the power in the PSD at
ν < τHubble as the contribution to the “intrinsic scat-
ter” discussed above. As noted above, any power on
timescales greater than τHubble has a similar effect as the
intrinsic scatter mathematically, although it is meaning-
less physically.
However, treating the effects of σint by unphysical
low frequency modes seems to us dangerous, since it
effectively requires that these unphysical low frequency
modes, which are required to mimic any intrinsic scatter,
be continuous in power with the physically meaningful
modes on timescales below the age of the universe. Sim-
ilarly, using a broken power-law that extends into un-
physically low frequencies, may in practice return break
frequencies that have more to do with mimicking the ef-
fects of any intrinsic scatter than indicating the timescale
of any real physical process.
Trying to include very low frequency modes in the
PSD, one furthermore encounters the practical difficulty
of needing to generate an infinitely long time-series in
the realization of mock galaxies.
Therefore, in this work, we adopt for simplicity a sin-
gle power PSD of ∆sSFR(t), truncated to zero at all
timescales greater than τHubble. We then allow an extra-
parameter, the “intrinsic scatter” of the SFMS, whose
amplitude is allowed to vary completely independently of
the PSD.
3.4. Illustration with a single power-low PSD
We first consider a simple model of the PSD for
∆sSFR(t), a single power-law, without including any in-
trinsic scatter (σint = 0). The PSD of ∆sSFR(t) can be
written as:
PSD(ν) = Pν0(
ν
ν0
)−α, (6)
where the Pν0 is the amplitude of PSD at ν0, some ar-
bitrary reference frequency. As discussed in Section 3.1,
there should be no power at frequencies below τ−1Hubble,
and in the present work, we ignore for simplicity the
power on all timescales greater than 10 Gyr, which is
comparable to the lifetime of the galaxy population4.
According to Equation 5, the value of Pν0 for a gen-
eral ν0 should be strongly correlated with the slope α
of the PSD, in order that the integrals in Equation 5
converge to the observed values. There will generally be
one ν0 where this dependence vanishes, and for the cur-
rent set-up, we find that the Pν0 is not sensitive to α for
ν0 = 0.5 Gyr
−1. Therefore, we chose for convenience ν0=
0.5 Gyr−1 throughout this work, and denote the Pν0 as
P2Gyr. We note that the shape of the constrained PSD
does not depend in any way on the choice of ν0 and that
ν0 has no physical significance whatsoever.
3.4.1. The distribution of points on the ∆sSFR7-∆sSFR9
diagram
In order to gain a first impression of how α and P2Gyr
determine the distribution of galaxies in the ∆sSFR7-
∆sSFR9 diagram, we generate mock galaxies from SFH
histories constructed from PSD with different α and
P2Gyr. This is shown in Figure 3. The distribution
of mock galaxies on the ∆sSFR7-∆sSFR9 diagram can
be well characterized in each case by an inclined two-
dimensional Gaussian surface. Therefore, we directly
show the 2d-Gaussian fits of the these distributions in
Figure 3. This 2d-Gaussian distribution can also be re-
garded to be the probability distribution of galaxies on
the ∆sSFR7-∆sSFR9 diagram for a given α and P2Gyr.
4 The power between τ−1Hubble and 0.1 Gyr
−1 is ignored in this
case. While this is not a concern, we have added the intrinsic
scatter in our main result, which would compensate this power
loss.
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Fig. 3.— The probability distribution of mock galaxies on the ∆sSFR7-∆sSFR9 diagram for different input PSDs. The plots are arranged
with increasing amplitude of the PSD, P2Gyr, from left to right, and with increasing slope of the PSD, α, from top to bottom. In each
panel, the values of α and P2Gyr are denoted in the top left corner. These distributions of mock galaxies have not been convolved with
observational uncertainties, but these are included when these distributions are compared with the observational data from Figures 1 and
2, in Section 4 and 5 of the paper.
We generate the mock galaxies in the following way.
First, we construct the time-series of ∆sSFR(t) in loga-
rithmic space for 10,000 mock galaxies from a PSD with
α and P2Gyr by using a public IDL code
5. The length
of the time-series is 10 Gyr, which means that we ignore
the power on timescales greater than 10 Gyr. As in Pa-
per I, the time resolution is set to be 1 Myr, which is
smaller than the SFH timescale traced by Hα emission,
and also smaller than the free-fall timescale of molecu-
lar clouds (Murray et al. 2010; Hollyhead et al. 2015;
Freeman et al. 2017). Then, based on this ∆sSFR(t),
we produce the sSFH(t) of each mock galaxy by adding
the cosmic evolution of the mean sSFR of the SFMS.
5 https://github.com/svdataman/IDL/tree/master/src
We adopt the evolution of SFMS from Lilly & Carollo
(2016), which can be written as:
sSFR(z) = 0.07× (1 + z)2 Gyr−1 (7)
This change with redshift is broadly consistent with the
observational estimates of this quantity6 (e.g. Pannella
et al. 2009; Stark et al. 2013). This sSFR(t) is then con-
verted to the SFR(t) by direct integration, from which
the ∆sSFR7 and ∆sSFR9 may be calculated, using the
current (i.e. final) stellar mass of the galaxies, exactly as
for the observations.
6 In principle, the evolution of the SFMS also shows a very week
dependence of the stellar mass, which is negligible at a timescale
of 800 Myr.
10 Wang & Lilly
Fig. 4.— First three panels: The σ7, σ9, σ79 that are derived for a population of mock galaxies as a function of the assumed P2Gyr-α
of the PSD. In each panel, the two tram-line contours then represent the ±2σ values of these three parameters that are observed in the
(integrated) MaNGA sample of Figure 1. In the lower right panel, the colour scale indicates the likelihood function that is obtained
by directly comparing the 2-dimensional probability distributions from Figure 3 to the observed distribution of points in Figure 1. The
maximum likelihood is indicated by the white cross. The three sets of contours from each of the other three panels are copied over to this
panel and reassuringly intersect at the point of maximum likelihood (see text).
As can be seen in Figure 3, at a fixed α, the overall
distribution of mock galaxies gets broader with increas-
ing P2Gyr (left to right along each row), while the overall
shape of the distribution remains unchanged, i.e. the cor-
relation between ∆sSFR7 and ∆sSFR9 is not changed.
This can be understood, since the P2Gyr determines the
overall power, and varying only P2Gyr would result in the
same (logarithmic) change of ∆sSFR7 and ∆sSFR9. At a
fixed P2Gyr, the slope of the distribution more nearly ap-
proaches diagonal with increasing α, and the distribution
appears to stretch along the major-axis. The ∆sSFR7
and ∆sSFR9 become more and more correlated with in-
creasing α. Since α determines the power distribution at
low and high frequency, the larger α reduces the variation
on short timescales, which causes a stronger correlation
between ∆sSFR7 and ∆sSFR9.
Figure 3 shows how the α and P2Gyr can in principle
be determined by matching the distribution of observed
∆sSFR7 and ∆sSFR9 of the galaxies with these com-
puted probability distributions (see Figure 1 and Figure
2).
3.4.2. Constraints on the PSD using σ7, σ9 and σ79
The distribution of observed ∆sSFR7, ∆sSFR9 points
can of course be reduced to simpler quantities, in par-
ticular the observed dispersions σ7, σ9 and σ79. The de-
pendence of these on α and P2Gyr can be seen as follows.
Figure 4 shows with color-coding the σ7, σ9 and σ79 val-
ues across α-P2Gyr parameter space. At each given α and
P2Gyr, we generate 10,000 mock galaxies in the same way
as above, and then calculate the σ7, σ9 and σ79 for this
model population.
The black, red and gray contours in the first three
panels represent the observed σ7 = 0.338 ± 0.015 dex,
σ9 = 0.265 ± 0.014 dex, and σ79 = 0.233 ± 0.020 dex,
obtained from the observational data in Figure 1, with
the uncertainties calculated using the bootstrap method
to be ±2σ intervals. For this initial, illustrative, exercise,
we do not consider the contribution of the observational
uncertainties to the observed σ7, σ9 and σ79. We also
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stress that we are here using the “integrated” sample of
Figure 1 only for illustrative purposes, ignoring the pos-
sible non-ergodicity for galaxies of different masses that
we discussed above.
As shown in Figure 4, the σ7 and σ9 are sensitive to
both α and P2Gyr, while the σ79 appears to be more sensi-
tive to P2Gyr than α. At fixed α, both σ7, σ9 and σ79 are
increasing with P2Gyr, while at fixed P2Gyr, they are not
monotonic functions of α. The σ9 increases for α > 1.
At α < 1, the contours of σ9 show similar curved fea-
tures as those of σ7 or σ79. Although the curved features
correspond to different α for σ7, σ9 and σ79, they are all
due to the fact that the dominant variations change from
the short timescale variations to long timescale variations
when α is increased from 0 to 3.
The three sets of contours in the first three panels are
transcribed onto the bottom right panel of Figure 4. Re-
assuringly, they broadly intersect at one point. However,
it should be remembered that the σ7, σ9 and σ79 are not
fully independent and in principle, any two of them can
give constrains of the α and P2Gyr. As an aside, however,
this concordance also suggests that our measurements of
SFR79 are sensible, since problematic measurements of
SFR79 would not necessarily allow the three contours in-
tersect at one point. This intersection point corresponds
to the location of the preferred α and P2Gyr, at least for
the illustrative integrated sample of Figure 1 and neglect-
ing for the contribution of any intrinsic scatter.
3.4.3. The constraint on the PSD using the likelihood
method
Having obtained the probability distribution of mock
galaxies on the ∆sSFR7-∆sSFR9 diagram for a given α
and P2Gyr (see Figure 3), we can calculate the value of the
likelihood based on the observed galaxy distribution in
Figure 1. For consistency with the previous sub-section,
we again ignore here the effect of observational errors
on the observed galaxy distribution. The bottom right
panel of 4 shows the color-coding of the likelihood values
on the α-P2Gyr parameter space.
The point of the maximum likelihood, marked by the
white cross, matches very well the intersection of the
plotted contours for the constraints from σ7, σ9, and
σ79 individually. We conclude that using the likelihood
method and using the scatter of SFR7, SFR9 and SFR79
to constrain the PSD give very consistent results. Fig-
ure 3 and Figure 4 illustrate in detail how the PSD can
be constrained using the distribution of galaxies on the
∆sSFR7-∆sSFR9 diagram.
However, the above two methods to constrain the PSD
are clearly not identical. By only using the values of
σ7, σ9 and σ79, we would lose the information of the
detailed distribution of galaxies. The likelihood method
has made use of the full distribution of galaxies on the
∆sSFR7-∆sSFR9 diagram. As noted, in both methods,
we did not so far consider the uncertainties of ∆sSFR7
and ∆sSFR9, but these could be easily included as a
convolution of the predicted probability distribution by
an appropriate kernel. Therefore, in the main result of
this work (Section 4 and 5), we will use the Markov chain
Monte Carlo (MCMC) method to constrain the PSD of
∆sSFR history, including the uncertainties of ∆sSFR7
and ∆sSFR9.
3.5. Considering the intrinsic scatter
In Section 3.4, we did not include at all the possible
intrinsic scatter σint of the SFMS that we introduced
earlier. As discussed in Section 3.2, the existence of some
intrinsic scatter is quite plausible. Idealising the intrinsic
scatter as a time-invariant offset in the sSFR, the effect
of it will be to broaden the distribution of ∆sSFR7 and
∆sSFR9 by the same amount. Therefore, the intrinsic
scatter would stretch the distribution of mock galaxies
along the diagonal direction (see Figure 3). The σ79 does
not change with the addition of such intrinsic scatter,
emphasizing the importance of our change parameter,
SFR79. This further means that inclusion of the intrinsic
scatter will shift the required PSD parameters along the
locus of constant σ79 in the α-P2Gyr plane in the bottom
left panel of Figure 4. We will discuss this further in
Section 4.
The left panel of Figure 5 shows with color-coding
of the ratio σ7/σ9 across the α-P2Gyr space, again con-
structed assuming σint = 0. As can be seen, for α > 2,
the σ9 is quite close to σ7, because the short timescale
variations (<800 Myr) are completely negligible with re-
spect to longer timescale variations. It can be seen that
the ratio of σ7 to σ9 only depends on the slope of the
PSD, rather than the overall amplitude. This is ex-
pected, since α determines the distribution of the power
on different timescales, as discussed in Section 3.4. In
other words, the slope of the PSD is determined by σ7/σ9
(with σint = 0). When we add in the possible contribu-
tion of intrinsic scatter, the relevant ratio determining α
becomes
√
σ27 − σ2int/
√
σ29 − σ2int7.
The value of σint is not completely unconstrained since
it must be less than the observed σ9. Therefore, we show
in the right panel of Figure 5 the color-coding of the final
observed σ7/σ9 on the σ
2
int/σ
2
9-α parameter space, at an
arbitrary fixed P2Gyr (note that this plot does not depend
on the value of P2Gyr, because σ7/σ9 does not depend on
P2Gyr). Here we use σ
2
int/σ
2
9 , rather than σint/σ9, be-
cause σ2int/σ
2
9 directly characterizes the fraction of the
variance contributed by intrinsic scatter for the varia-
tions of ∆sSFR9. The black lines indicate the locus of
observed σ7/σ9 = 1.30 ± 0.07 that is obtained from the
observation.
The right panel of Figure 5 directly shows how changes
in the assumed contribution of σint change the power-law
index α of the returned PSD. As shown, the required α
decreases slowly with increasing σint at first, but then
decreases rapidly when σint approaches σ9. Actually,
with increasing σint, the power between 1/800 Myr
−1
and 1/10 Gyr−1 would decrease, and the power below
the frequency of 1/800 Myr−1 would increase. This is
why the required slope of the PSD gets flatter with in-
creasing σint. In the extreme case, when σint is close
to σ9, the long timescale variations are very small, and
almost all the variations must be contributed by short
timescale modes. This is the reason why the α decreases
rapidly when σint approaches σ9.
It is clear from Figure 5 that ignoring the possible con-
7 Actually, it is not exactly
√
σ27 − σ2int/
√
σ29 − σ2int, because
the σint has a slightly different impact on σ7 and σ9, due to the
definition of σ7 and σ9. However, this difference is negligible given
the current sSFR1 Gyr−1.
12 Wang & Lilly
Fig. 5.— Left panel: The ratio σ7/σ9 across the P2Gyr-α parameter space. Right panel: The ratio σ7/σ9 in the σ
2
int/σ
2
9-α diagram.
The black lines correspond to the 2σ value of σ7/σ9 = 1.30 ± 0.07 that is measured from the (integrated) MaNGA data from Figure 1,
calculated using the bootstrap method.
tribution of σint will lead to an over-estimate of the slope
of the PSD (c.f. Caplar & Tacchella 2019).
4. APPLICATION TO THE INTEGRATED SAMPLE
In order to explore how the PSD can be determined
from the data, we focus in this Section on the integrated
sample shown in Figure 1, in which a single point is plot-
ted for each galaxy (based on the spectra integrated out
to Re), and galaxies of all stellar masses are considered
together. As remarked above, it is by no means clear
that galaxies of different masses can be considered an
ergodic sample, and this section should therefore be re-
garded as being of heuristic interest. The final analysis
of the spatially resolved data, in which galaxies of differ-
ent mass will be considered separately, will be presented
in the next section.
4.1. MCMC analysis
As we discussed in Section 3.4, we will use the MCMC
method to constrain the parameters of the PSD. The
essential role of MCMC is to define the likelihood func-
tion. In this work, we obtain the value of the likelihood
function following the same approach described earlier
in Section 3.4. In brief, for a given PSD, we generate
10,000 mock galaxies, and further obtain the probabil-
ity distribution of galaxies on the ∆sSFR7-∆sSFR9 di-
agram. Unlike previously in Section 3.4, we now explic-
itly include the observational uncertainties in the loca-
tion of individual galaxies in the ∆sSFR7-∆sSFR9 di-
agram by convolving the probability distribution of the
mock galaxies with the typical uncertainties of galaxies
in ∆sSFR7 and ∆sSFR9 (see the blue ellipse in Figure 1
and Figure 2). Combining with the observed distribution
of galaxies (Figure 1 and Figure 2), we therefore obtain
the likelihood value for a given PSD.
We take advantage of a public python code: emcee8,
which has several advantages over traditional MCMC
sampling methods and excellent performance as mea-
sured by the auto-correlation time (Foreman-Mackey
8 https://github.com/dfm/emcee
et al. 2013). In practice, we assume a uniform prior of
α in the range of [−2.0,5.0], and also a uniform prior of
P2Gyr in the range of [0,10000]. The setting of the wide
range of α and P2Gyr enables the MCMC to search for the
best-fitting parameters. The initial values of P2Gyr and α
are given according to Figure 4, with small perturbations
for each walker. To explore the parameter space, we set
up 6 walkers and 4000 steps for each walker. Although it
seems that the number of walkers and steps are not very
large, we find that the burn-in phase is usually less than
1000 steps and the chains quickly converge. This is be-
cause the likelihood function is a single peaked function
in the parameter space (see Figure 4). Throughout this
work, we keep the same settings for all the MCMC runs.
In Section 3.5, we discussed the impact of any intrinsic
scatter in determining the slope of PSD. In principle, we
could add the intrinsic scatter as another free parameter
in the MCMC analysis. However, as discussed in Section
3.5, the σ7, σ9 and σ79 are not fully independent, there-
fore we could not in principle give a good constrain for
the model of PSD with more than two free parameters.
This means that α and σint are highly degenerate (also
as seen on the right panel of Figure 5). Furthermore,
when we come to determining the PSD for the resolved
datasets (i.e. at different radii and at different galactic
masses), it is not clear that we should allow σint to vary
with radius within a particular mass bin. In order to
avoid the possible over-fitting problem and to avoid the
possible inconsistency of σint at different galactic radii,
we will therefore constrain the PSD of ∆sSFR(t) for each
of a discrete set of σint.
4.2. The returned PSD without σint
Based on the approach above, we can obtain the PSD
as well as the uncertainties for any given σint (< σ9).
We first look at the simplest case, with σint = 0. Again
for illustration purposes, we use the full mass sample to
constrain the PSD of ∆sSFR(t). We note that the PSD
may well vary with stellar mass, which will be investi-
gated in the next section. The left panel of Figure 6
shows the constrained probability distribution of the pa-
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Fig. 6.— Left group of panels: the distribution of α and P2Gyr returned by the MCMC analysis. In the bottom left panel, the distribution
of the small dots shows the joint probability distribution of α and P2Gyr. The best-fit parameters as well as their uncertainties are denoted
on the plot. Right panel: the returned PSD and its 1σ uncertainty.
rameters based on our MCMC analysis, and the right
panel of Figure 6 shows the returned PSD of ∆sSFR(t)
and its 1σ uncertainty.
As shown, both α and P2Gyr are very well constrained
with σint = 0. In the joint probability distribution of α
and P2Gyr, we do not see a strong correlation between
the two parameters, as expected given the reason for
choosing 2 Gyr to define ν0 in Equation 6. Choosing a
different ν0 would certainly change the constrained prob-
ability distribution of Pν0 and α, but would not change
the returned PSD plotted in the right panel of Figure 6.
In Paper I, we applied an arbitrary correction to elim-
inate the small dependence of SFR79 on Σ∗ (see section
3.3 of Paper I for details). To check if this correction has
any impact on the present analysis, we repeat it without
this correction applied, and find very little effect on the
returned PSD. In the remainder of this work, we only
present the results obtained with this correction, which
are thereby completely consistent with the data we used
in Paper I.
The returned parameters from the MCMC analysis are
labeled in Figure 6: log10 P2Gyr = 1.54 ± 0.02, and α =
1.55 ± 0.04, which is quite similar to the ones measured
in Section 3.4. This indicates that the MCMC works
well in exploring the parameter space. It also suggests
that the inclusion of the observational uncertainty on the
distribution of data points only has a very minor effect
in determining the PSD.
The returned slope of the PSD is ∼1.5 for σint = 0.
This indicates that the variance of ∆sSFR(t) is domi-
nated by the longer timescale variations (>1 Gyr), since
α < 1 would be required to produce a νPSD (the contri-
bution to the variance per log interval of frequency) that
increased to high frequencies.
4.3. The returned PSD with σint
Now we look at the cases with σint > 0. As mentioned
in Section 3.5, the σint must be less than or equal to σ9.
We therefore explore the PSD of ∆sSFR(t) assuming a
set of σint: σ
2
int/σ
2
9= 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, and 1.0. At each σint, we run the MCMC to deter-
mine the joint probability distribution of α and P2Gyr.
The left panel of Figure 7 shows the change of returned
parameters with increasing σint. The dashed lines rep-
resent the lines of constant σ79 in the parameter space
(also see Figure 4). The right panel of Figure 7 shows the
change in the returned PSD with increasing σint. In both
panels, the different colors represent different σ2int/σ
2
9 .
As shown, with increasing σint, both α and P2Gyr be-
come smaller, following the track of constant σ79. Con-
sistent with the analysis in 3.4, the α and P2Gyr decrease
slowly with increasing σint at σ
2
int/σ
2
9 <0.5, and then de-
crease much more rapidly at σ2int/σ
2
9 >0.5. More specif-
ically, the slope of the PSD decreases from ∼1.5 to 0.3
when σint increases from 0 to σ9. At σ
2
int/σ
2
9 ∼ 0.8, the
slope of the PSD reaches 1 and the dominant timescale
shifts from long timescales to short timescales.
A similar result can also be seen in the right-hand
panel of Figure 7. The PSD gets flatter with increasing
σint especially at σ
2
int/σ
2
9 >0.5. It is noticeable that, for
σ2int/σ
2
9 <0.5, all the returned PSDs intersect at a single
point, at ∼400 Myr. The effect of variations in σint is to
change the slope of the returned PSD about this point.
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Fig. 7.— Left panel: the track of the returned parameters on the α-P2Gyr diagram when different values of the intrinsic scatter are
assumed. In the left panel, the blue diamond indicates the best constrained parameters with σint = 0, and the track to the lower left shows
the effect of increasing σint. The dashed lines are contours of constant σ79 in the parameter space, taken from Figure 4, and correspond
to 0.1, 0.2, 0.3 ,0.4, and 0.5 dex from top-left to bottom-right, respectively (but now with the addition of the observational dispersion of
0.076 dex in SFR79). As expected, the effect of increasing σint moves the returned parameters along a track of constant σ79. Along the
track, the assumed σ2int as a fraction of the observed σ
2
9 is indicated by the color scale to the right. Right panel: The returned PSDs for
different assumed σint, as also indicated by the same color scale to the right. The two dashed vertical lines indicate the frequencies of 1/5
Myr−1 and 1/800 Myr−1.
The amplitude of the PSD at this particular timescale
can therefore be determined more or less independent of
σint for all σ
2
int/σ
2
9 <0.5. This will be used below.
We cannot know the value of σint from the data itself,
nor do we know of a reliable way to determine it observa-
tionally by any other means. Therefore, we are unable to
say definitively from the present data whether the vari-
ation of ∆sSFR(t) is dominated by short timescale vari-
ations or long timescale ones. If the σint is large, i.e.
close to the observed σ9, then the variation of ∆sSFR(t)
is contributed almost entirely by the shortest timescale
variations, with almost no power at timescale between
1 Gyr and 10 Gyr. This extreme situation seems to us
unlikely to be real. In addition, it is inconsistent with
the result from the EAGLE (Evolution and Assembly of
GaLaxies and their Environments; Schaye et al. 2015)
simulations, where the variation of SFR is significant at
timescale between 1 Gyr and 10 Gyr (Matthee & Schaye
2019).
Therefore, we suspect that the σint will not be close to
σ9 and, in the present work, we will therefore focus on the
results that are obtained with σ2int/σ
2
9 <0.5, i.e. σint <
0.7σ9. This is equivalent to demanding that at least half
of the observed variation in the SFMS (measured on Gyr
timescales) comes from genuine temporal variations on
timescales below 10 Gyr. With this assumption, we can
then conclude that the slope of the (single power-law)
PSD is constrained to be between 1.2-1.5 and that the
PSD at 400 Myr (the apparent pivot point in the right
panel of Figure 7) can be well determined .
5. RESULTS FOR DIFFERENT MASSES AND
RADII
In the previous section, we constrained the PSD of
∆sSFR(t) by using an MCMC analysis of the distribu-
tion of points from the integrated sample on the ∆sSFR7-
∆sSFR9 diagram (from Figure 1). We now turn to con-
sider the constraints on the PSDs from each of the 25
panels of Figure 2, in which ∆sSFR7 and ∆sSFR9 are
determined separately in five bins of relative radius for
each of five bins of galactic stellar mass (see Figure 2),
and then compare the resulting PSDs.
5.1. The PSD of ∆sSFR(t) for spatially-resolved
dataset
Following the discussion in Section 4.3, we only con-
sider cases with σ2int/σ9 < 0.5. In this subsection, we will
constrain the PSD of ∆sSFR(t) at three distinct σint,
chosen to be 0.0, 0.5σ9 and 0.7σ9. We note that the σ9
used here is the σ9 of the integrated sample, rather than
the σ9 calculated from the bin in question.
Figure 8 shows the PSDs of ∆sSFR(t) that are re-
turned for each of the 25 panels in Figure 2. In each
panel, the blue, green and red lines are the returned PSDs
with σ2int =0.0, 0.25 and 0.5σ
2
9 , respectively.
In each panel, the PSDs returned for the three different
σint intersect at a point, as was found also for the inte-
grated sample in the previous section. The corresponding
timescale (or frequency) of this intersection point varies
for the 25 samples considered, but is generally between
200 Myr and 800 Myr. Even with the uncertainty intro-
duced by σint there is, within the assumptions of a single
power-law PSD, at least one point that is relatively well
determined.
To aid comparison of the panels, the gray dotted lines
in Figure 8 are the same in all panels and have α = 1. As
can be seen, all the returned PSDs are steeper than this,
implying that long-timescale variations contribute more
(per interval of log10 ν) to the variations of ∆sSFR(t)
than short-timescale variations.
To allow direct comparison of the PSD in each of the
five galaxy mass bins, we replot them in the left column
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Fig. 8.— The returned PSDs of ∆sSFR(t) for the 25 different galactic radius and stellar mass bins shown in Figure 2. The PSDs are
displayed with increasing galactic radius from left to right, and with increasing stellar mass from top to bottom. At each given galactic
radius and stellar mass, the blue, green and red lines show the PSDs obtained by assuming σ2int = 0.0, 0.25 and 0.5σ
2
9 . The two dashed
vertical lines indicate the frequencies of 1/5 Myr−1 and 1/800 Myr−1. The gray dotted lines are the same in all panels, for ease of
comparison of the panels, and have the same amplitude and α = 1.
of panels of Figure 9, superposing the regions at different
galactic radii onto a single panel. The lines are color
coded by radial distance, and the width represents the
range of σint shown in the individual panels of Figure 8.
Careful inspection of Figure 8 and Figure 9 reveals
three interesting results that are developed in the next
three sub-sections of the paper. These results will then
be discussed in Section 6.
5.2. The connection of the PSD slope with the effective
gas depletion time
Comparing the PSDs at different mass bins and at dif-
ferent galactic radii, we find that generally speaking the
returned PSD appears to flatten with both increasing
stellar mass at fixed galactic radii, and with decreasing
galactic radius at fixed stellar mass. The flatter PSD
implies larger relative contribution of short timescales
compared with long timescales.
In W19 and Paper I, we found that the dispersion of
ΣSFR and SFR79 decreases with increasing inferred gas
depletion time. We stress once again that the gas de-
pletion times used in those papers, and here, are ob-
tained from the extended Schmidt law (e.g. Shi et al.
2011, 2018), which has the gas depletion time simply
proportional to the Σ
−1/2
∗ . Consequently, all our state-
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Fig. 9.— Left column of panels: the returned PSD(ν) from Figure 8 over-plotting the five galactic radial bins for each of the five stellar
mass bins that are shown top to bottom. In each panel, the PSDs of the five radial bins are displayed in different colors (as denoted in
the top right panel of this figure). The solid lines show the PSD(ν) with σ2int = 0.25σ
2
9 , while the shaded regions show the PSD(ν) with
σ2int from 0.0 to 0.5σ
2
9 . The two vertical dashed lines indicates the timescales of 800 Myr and 5 Myr, respectively. Right panels: As for the
left hand panels, but now shifting the x-axis by the effective gas depletion time, obtained from the stellar surface mass density using the
extended Schmidt Law (see text). This shift produces a striking overlap of the PSD.
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ments concerning gas depletion times can be equally well
made in terms of Σ
−1/2
∗ , which reflects a general dynam-
ical time. It then follows that inferred gas depletion time
must therefore decrease with increasing integrated stel-
lar mass and towards the inner regions of galaxies. The
effective gas depletion time, τdep,eff , is defined to be the
τdep divided by (1 + λ), where λ is the mass-loading fac-
tor of the wind outflow for different regions of galax-
ies, obtained by fitting the SFR-Σ∗-metallicity relation
of MaNGA spaxels under the gas regulator frame (see
details given in W19).
The trend of α with radius and integrated stellar mass
that is visible in Figure 8 and Figure 9 suggests that
there will be a correlation of α with the τdep,eff . This
is shown directly in Figure 10. In Figure 10, the plot-
ted values of α are the best-fit values returned by the
MCMC for σ2int/σ
2
9=0.25, and the error bars correspond
to the returned α for σ2int/σ
2
9=0.0 and 0.5. The points
are color-coded for the integrated stellar mass (since for
the five radial points in each mass bin the galactic radius
always increases monotonically with increasing τdep,eff).
As can be seen, the α is indeed a decreasing function
of τdep,eff as a whole. This again indicates that regions
of shorter τdep,eff have flatter PSD and therefore have
relatively more variation on shorter timescales.
As shown in Section 3.5, the slope α of the PSD is pri-
marily determined by the ratio of σ7 to σ9 (see Figure
5), after the effects of σint on σ7 and σ9 are removed, if
necessary. The ratio σ7/σ9 (possibly corrected for σint)
is therefore the key to the relative distribution of the
power on different timescales. We therefore plot on Fig-
ure 11 the directly observed σ7/σ9 (not adjusted for any
intrinsic scatter) as a function of the inferred effective
gas depletion times (τdep,eff) for the five radial regions at
five stellar mass bins. It is clear that the σ7/σ9 ratio de-
creases with increasing effective gas depletion time. We
note that this empirical result is derived purely from the
observations and is therefore quite independent of the
assumptions made about the form of the PSDs in the
present work.
We note that in Figure 10 (and Figure 11), there is
not a clear correlation between σ7/σ9 (or α) with the
τdep,eff at the lowest stellar mass bin represented by pur-
ple points. This may simply be due to the narrow range
of τdep,eff within that mass bin.
5.3. The connection of the PSD amplitude with
effective gas depletion time
The amplitude of the PSD is linked to the overall
variation of star-formation rates on a given timescale.
Specifically, the σ27 and σ
2
9 will be given by an integral of
νPSD(ν)d log ν from the inverse Hubble time up to the
frequencies corresponding to 5 Myr or 800 Myr timescales
(see Equation 5). Accordingly we replot the PSD that
were presented in the left hand panels of Figure 9 as the
linear νPSD(ν) vs. log ν in the equivalent left-hand pan-
els of Figure 12. Integration of these curves to the left of
the two dashed vertical lines will give a measure of the
variation of star-formation rates sampled on these two
timescales, i.e. what we have called σ27 and σ
2
9 . As one
can see, for all the returned PSDs, the contribution of the
power per log10 ν decreases with the frequency, but the
integrals up to a given frequency, are larger with increas-
Fig. 10.— The returned α as a function of the inferred effec-
tive gas depletion time. The data points are the returned α for
σ2int/σ
2
9=0.25, while the upper limits and the lower limits of the
data points are the returned α for σ2int/σ
2
9 =0.0 and 0.5, respec-
tively. The legend for the points is denoted in the top-left corner.
For the five points at each stellar mass bin, the τdep,eff increases
monotonically with radius.
Fig. 11.— As in Figure 10, the observed σ7/σ9 is plotted as a
function of the inferred effective gas depletion time. The uncertain-
ties of σ7/σ9 are computed by the bootstrap method. The legend
for the symbols is the same as in Figure 10.
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ing stellar mass and towards inner regions of galaxies,
i.e. varying with the inferred τdep,eff .
This change in amplitude is to be expected from the
results in Paper I, where we showed (see the figure 15)
that the observed dispersion in ΣSFR increases with de-
creasing τdep,eff . While this agreement is ultimately to
be expected, since the same MaNGA data was used in
the two analyses, although it should be noted that the
MCMC analysis returning the PSD used the full two-
dimensional distributions of points in the 25 panels of
Figure 2, whereas the analysis in Paper I was based only
on the computed dispersions of each of these quantities.
5.4. The convergence of the different PSDs when
shifted by the effective gas depletion time
The foregoing two sub-sections have emphasized the
connection between the returned PSD and the in-
ferred effective gas depletion timescale (or, as repeatedly
stressed, any other quantity determined by the stellar
surface mass density). To explore this connection fur-
ther, we now normalize the frequency axes of the left
panels of both Figure 9 and Figure 12 by shifting the
PSD curves in frequency by the inferred effective gas de-
pletion time, and replot them in the right hand column
of panels in each Figure.
An intriguing result emerges in that the PSDs of Fig-
ure 9 are now noticeably more tightly overlapped for the
regions of different galactic radii, and also for galaxies of
different mass, especially for the three highest mass bins.
This suggests that there might be a universal PSD(ν),
valid at all radii in all the galaxies, at a fixed frequency
relative to a νdep,eff , defined as the inverse of τdep,eff . We
show this result in a different way on Figure 13, where we
plot on a single diagram short segments of all of the 25
PSDs, extracted from around the “pivot point” of con-
vergence when σint is varied, since this is where we may
consider the PSD to be best determined in our analy-
sis. These PSD segments are then plotted without (left)
and with (right) the frequency shift using the inferred
effective depletion time. Clearly the shift in frequencies
produces a much tighter overlap of the PSD from the 25
different samples of integrated stellar mass and relative
radius.
While intriguing, one should not over-interpret this re-
sult. Not least, we noted earlier that the slopes of the
PSD at different galactic radii are slightly different, as
noted above, although this does depend in detail on the
assumed σint. Furthermore, even if the shifted PSD over-
lap, it does not mean that the shifted νPSD functions
will overlap, in fact the converse. As noted, it is the
νPSD function which gives the contribution to the vari-
ance from each log10 ν interval. We will return to this
point below In Section 6.2.
We stress that the results presented in Figure 10, 12
and 13 are derived directly from the PSD extracted from
the observational quantities shown in Figure 2 . The only
assumptions involved are of the power-law nature of the
PSD, and the choice of the extended Schmidt Law to
infer the gas depletion timescale from the stellar surface
density. In the next section we will present a discussion
of the possible explanation of these results.
6. DISCUSSION
6.1. Caveats
The major assumption of this work is that of ergodic-
ity, i.e. that (i) that the variations in the population at
a given epoch are produced only of temporal variations
in individual galaxies and (ii) that the sample galax-
ies in each case have the same non-evolving PSD of the
∆sSFR(t). We already explained that the second is for
instance clearly not strictly the case for the integrated
sample in Figure 1 because of the different forms of the
separate panels in Figure 2. It is possible that each panel
in Figure 2 might in turn be found to be break down into
different subsets of galaxies, with different distributions
of points in the ∆sSFR7-∆sSFR9 diagram.
We have considered in some detail in the paper how
we could treat violations of the first assumption by intro-
ducing the concept of intrinsic scatter σint of the SFMS.
Needless to say, the case in the real Universe may be more
complicated in that galaxies can break the assumption of
ergodicity in different ways.
In extracting the PSD, we assume that the PSD of
galaxies has not evolved significantly over the last bil-
lion years. It would not be surprising if the PSD of
∆sSFR at high redshift was different from the local ones
at much earlier times, although the similar dispersions of
the SFMS suggests that any such variations are probably
not very large. This could be examined observationally
by applying the same methods in Paper I and the present
work to high-z galaxies, which we plan to do in the fu-
ture. We note however that variations of the PSD(ν) on
timescales much longer than 1 Gyr should be irrelevant
in the present analysis.
In addition, the shape of the PSD of ∆sSFR(t) in
the real Universe may well not be as simple as the sin-
gle power-law function that we assumed. However, we
only have the information of the averaged SFR on two
timescales, which clearly restricts exploration of more
complicated forms of the PSD. In addition, as we have
seen, the slope of the power-law PSD is highly degenerate
with the (unknown) “intrinsic scatter”. More SFR indi-
cators with well understood accuracy are needed to break
this degeneracy in the future. Since the intrinsic scatter
cannot be constrained in the present work, the main re-
sults have been presented assuming σ2int/σ
2
9 < 0.5. Al-
though this assumption is consistent with the results
from hydro-dynamical simulations, direct observational
confirmation is still lacking.
Finally, in modelling the PSD, we have considered the
uncertainties of galaxies on the ∆sSFR7-∆sSFR9 dia-
gram, assuming that the uncertainties of ∆sSFR7 and
∆sSFR9 are taken only from SFR7 and SFR9, i.e. ignor-
ing any uncertainty in the observational measurement of
stellar mass (or stellar surface mass density). As noted
above, errors in the measurement of the (current) stellar
mass would perturb ∆sSFR7 and ∆sSFR9 equally, and
therefore have the same effect as our ”intrinsic scatter”.
Therefore, this source of uncertainty should have been
automatically been taken into account, but this alone
shows that any assumption of σint = 0 is unlikely to be
valid.
6.2. Interpretation: a possible explanation within the
gas regulator model
The time variation of SFHs 19
Fig. 12.— The same as Figure 9 but now showing the νPSD(ν) function, which is here plotted with a linear scale. It is the νPSD(ν)
function, rather than PSD(ν), which shows the contributions to the variance per interval of log ν at different frequencies.
In this work, we have found connections between the
PSDs of ∆sSFR(t) with the effective gas depletion time:
(i) regions with shorter τdep,eff show larger integrated
power, and vice versa, (ii) regions with shorter τdep,eff
have a more significant contribution of the power at short
timescales because of their flatter α, and (iii) when the
PSDs are shifted by an amount corresponding to the
τdep,eff , the PSDs appear to overlap to a rather striking
degree, independent of the relative radius of the region
or the integrated stellar mass of the galaxy.
The first statement is in good agreement with the re-
sult in W19 and Paper I that the dispersion of ΣSFR (or
SFR79) decreases with increasing τdep,eff and is in effect
a restatement of that result. While these three analyses
all used the same input data, this nevertheless provides
a good consistency check for the methodology of deter-
mining the PSDs. As proposed in W19, this result can
be understood in the framework of the dynamical gas
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Fig. 13.— Left panel: The returned PSDs from the five left hand panels of Figure 9 extracted near the pivot points (within ±0.2
dex), where the PSDs are nearly independent of the assumed σint. The different colors indicate the different effective gas depletion times
according to the color scale on the right. The dashed vertical line indicates the frequency of 1/800 Myr−1. Right panel: The same as the
left panel but now the PSD are shifted in frequency by the inferred effective gas depletion time, as in the right hand column of panels in
Figure 9. This panel shows the remarkably constant PSD that is obtained, independent of radius and integrated mass, once the PSD are
shifted by the effective depletion time.
regulator model.
In W19, we saw what would happen if we drove the
gas regulator system of Lilly et al. (2013) with a period-
ically varying inflow. As would be expected, the system
then has an SFR response that is also periodic with an
amplitude (and small phase shift) that depends on the
ratio of the driving period to the effective gas depletion
timescale. It was found that this can reproduce the ob-
served correlation between the dispersion of ΣSFR and
τdep,eff well.
The basic assumption in this interpretation is that the
variation of SFR (or ΣSFR) from galaxy to galaxy is the
response to externally driven temporal variations of the
gas inflow rate, rather than intrinsic (time-independent)
differences between galaxies. This was confirmed in Pa-
per I, where we found that the regions with shorter
τdep,eff indeed do show larger temporal variations of the
SFR, as evidenced by the SFR change parameter SFR79.
In the analysis of W19, driving the gas regulator sys-
tem with a purely sinusoidal inflow rate, produces a sinu-
soidal response SFR. The amplitude of the variations in
SFR is reduced from the amplitude of variations in the
inflow rate by a frequency dependent response curve. In
this ideal case, the response curve can be written analyt-
ically as
f =
1
[1 + (2piτdep,eff/τP)2]1/2
, (8)
where τP is the period of the gas inflow rate. According
to Equation 8, the response curve increases with τP at
given τdep,eff : f ∼ 1 at τP  τdep,eff and f ∼ 0 at
τP  τdep,eff . This means that long-timescale variations
( τdep,eff) in the inflow rate are fully passed on to the
resulting SFR through the gas regulator system, while
short-timescale ( τdep,eff) variations in the inflow rate
are eradicated.
W19 suggested that the PSD of the SFR response of
the regulator should therefore be the PSD of the inflow
rate multiplied by the f2 response curve given in Equa-
tion 8.
We do not know the PSD of the inflow rate. But, if
we assume a flat PSD for this (α = 0), and assume that
this is the same for all of the 25 regions considered (we
stress that both are rather large assumptions) then we
would find that the PSDs of the resulting SFR would be
exactly overlapped when one scaled the frequency with
the τdep,eff , as was done in Figures 9 and 13. We sug-
gest that this may conceivably be the explanation for the
seemingly uniform PSD when we scale with the frequency
with τdep,eff . Furthermore, under these assumptions one
would predict a slope of the PSD of ∆sSFR(t) to have
α ∼ 2.
More generally, the fact that the different PSD of
∆sSFR(t) overlap when shifted by a physically mean-
ingful amount may be the signature of systems (differ-
entiated only by their characteristic response frequency
τdep,eff
−1) responding to uniform external drivers, rather
than being driven by an entirely internal process. In the
latter case one might expect that the power per log fre-
quency interval, i.e. νPSD(ν), would be the constant
quantity as some characteristic timescale changed. How-
ever, these considerations are completely speculative at
this point, especially given our very limited theoretical
understanding of the PSD of inflow and our still very lim-
ited observational constraints on the PSD of ∆sSFR(t).
7. SUMMARY AND CONCLUSION
In this work, we have attempted to constrain the PSD
of ∆sSFR(t) for Main Sequence galaxies (the logarithmic
offset of each galaxy from the median Main Sequence),
and for radial regions within them. This has been based
on the star formation change parameter, SFR79, intro-
duced and calibrated in Paper I. As we discussed in Paper
I, the scatter of SFR79 contains the information about
the time variability of the SFR.
We take the advantage of a well-defined SF galaxy sam-
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ple from the MaNGA survey (Wang et al. 2018b), which
contains nearly 1000 galaxies. While we do a full MCMC
fit to the observed distribution of points in the ∆sSFR7-
∆sSFR9 plane, the main observational information that
is used to constrain the PSD of ∆sSFR(t) is effectively
the dispersion of the SFMS on different timescales (σ7
and σ9) and the dispersion of the SFR79 (σ79) for indi-
vidual galaxies.
In constructing the PSD, we would ideally be able to
assume that ∆sSFR(t), is a stochastic variable that ex-
hibits both stationarity and ergodicity, i.e. that the dis-
tribution of ∆sSFR is constant and that the variation
of sSFR across the population at a given epoch reflects
only the temporal variations in individual objects (see
the extensive discussion in Section 2).
While stationarity is a reasonable assumption, it may
well be that galaxies violate ergodicity. Subsets of in-
dividual galaxies could well lie systematically above (or
below) the SFMS throughout their lifetimes. A signif-
icant non-ergodic contribution to the dispersion of the
SFMS could also come from observational errors in the
determination of the (present-day) masses of galaxies.
We have considered this likely non-ergodicity by intro-
ducing a parameter, the intrinsic scatter of the SFMS,
σint, which represents any contribution to the dispersion
in sSFR that is not due to temporal variations of indi-
vidual objects. The intrinsic scatter must be less than
σ9, the observed dispersion of the SFMS when the SFR
is averaged over the last Gyr.
The effects of σint could in principle be accommodated
by introducing Fourier modes at very low frequencies,
i.e. ν  τ−1H . However, we disfavour this approach be-
cause there is no reason to suppose that the causes of
σint should in any way be related to the amplitudes of
modes in the physically meaningful part of the PSD at
ν > τ−1H .
Assuming a single power-law for the PSD of ∆sSFR(t),
truncated at ν ∼ 0.1 Gyr−1, we use an MCMC approach
to explore the parameter space of permitted PSD by
matching the distribution of galaxies on the ∆sSFR7-
∆sSFR9 diagram.
We examine the methodology by applying it first to an
“integrated” sample in which the ∆sSFR7 and ∆sSFR9
are computed for an entire galaxy within Re, and in
which galaxies of all stellar masses are considered to-
gether (even though we know that this sample is not
strictly ergodic). We find that the returned slope of PSD
is tightly degenerate with the assumed value of the in-
trinsic scatter, the slope of PSD becoming flatter as the
σint increases. Ignoring the intrinsic scatter would un-
doubtedly overestimate the slope of PSD (c.f. Caplar &
Tacchella 2019; Hahn et al. 2019).
The slope of the PSD for this integrated sample varies
from 1.2 to 1.5 at σ2int < 0.5σ
2
9 , indicating that the power
contributed (per interval of log10 ν) by long-timescale
variations is always larger than that contributed by the
short-timescale variations. In addition, the PSDs inter-
sect at a point at a timescale of ∼ 400 Myr (see Figure
7), independent of the value of σint within the above con-
straints.
In principle, we cannot constrain the σint based on the
data we have in the present work. However, the hydro-
dynamical simulations suggest that σint is not close to
σ9, because significant variations of ∆sSFR on timescales
between 1 Gyr to 10 Gyr are seen (Matthee & Schaye
2019). Therefore, in the present work, we present further
results assuming that σ2int < 0.5σ
2
9 .
We then apply this methodology to a spatially-resolved
dataset to obtain the main observational result of the pa-
per: constraints on the PSDs of ∆sSFR(t) for 25 regions
obtained by considering five annular radial bins for galax-
ies in five different stellar mass bins. The main results of
this spatially resolved analysis are as follows:
• The slope of the PSD for the spatially-resolved data
varies from 1.0 to 2.0 for σ2int < 0.5σ
2
9 . As for the in-
tegrated sample, the PSDs for a given radius-mass
bin intersect at a point as σint is varied (within the
above range). The corresponding timescale of this
pivot point varies from 200 Myr to 800 Myr for re-
gions of different galactic radii at different stellar
mass bins (see Figure 8).
• There is a strong correlation between the returned
PSDs and the inferred effective gas depletion times,
where the latter are estimated using the extended
Schmidt Law from the observed stellar surface mass
density plus an estimate of mass loss from winds.
The regions with shorter τdep,eff show both larger
integrated power, and a shallower α, i.e. they have
more significant power (but still not dominant) on
short timescales (see Figure 9, Figure 10 and Figure
12).
• Intriguingly, if we scale the frequency with τdep,eff ,
the 25 different returned PSDs largely overlap,
especially around the pivot points where the
PSD is arguably best determined. This sug-
gests a remarkably uniform PSD(ν) as a function
of log10 ν/νdep,eff , where νdep,eff is the inverse of
τdep,eff (see Figure 9 and Figure 13).
We emphasize that the above results are obtained from
the observations. The apparent connections with the in-
ferred τdep,eff however continue to be in conceptual agree-
ment with what is expected when a gas regulator system
(Lilly et al. 2013) responds to variations in the inflow
rate, which we explored in W19. Not least, if such gas
regulator systems (which will differ only in their response
frequency, set by the depletion time) were all to be fed
by the same time-varying inflow, with a flat α ∼ 0 PSD,
then the PSD of the SFR response would indeed appear
to be the same when shifted in frequency by the deple-
tion time, as observed (see Figure 13). Whether this
is indeed the explanation for the intriguing results pre-
sented in this paper remains to be determined.
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